Callus induction, maintenance and protoplast cultures were achieved from immature seeds of a woody leguminous mangrove, Caesalpinia crista. Axenic cultures were possible during 1.5 months of pod storage in 0.1% benzalkonium chloride solution. Callus induction was achieved using 1 mL liquid medium in a 10 mL flat-bottomed culture tube. Protoplasts were isolated using Cellulase R10, Hemicellulase, and Driselase 20 in 0.6 M mannitol solution and sub-culturable calluses were obtained in 50 μL liquid medium using a 96-microplate method. The optimal hormonal concentration was 10 μM each of 2,4-dichlorophenoxyacetic acid and benzyladenine in liquid Murashige and Skoog's basal medium for both callus induction and maintenance, and protoplast cultures. Similarities and differences in amino acid profiles and culture conditions are discussed among woody mangrove species and non-mangrove leguminous species. Caesalpinia crista cultures were unique as they secreted a large amount of amino acids, including proline, into the liquid culture medium.
In mangrove forests more than 100 species of plants from different families are found in brackish water of tropical and subtropical areas of the world [1] [2] . Tissue culture studies of mangrove species were reviewed and were deemed as a powerful tool to investigate the mechanisms of salt tolerance at the cellular and molecular level and to apply in plant breeding programs [3] [4] [5] [6] . However, long term maintenance of callus proliferation was successful in only several mangroves species from different families, i.e. Sonneratiaceae [7] [8] [9] [10] , Rhizophoraceae [11] , Avicenniaceae [6, 12] , and Leguminosae [13] . Other than the species from the Rhizophoraceae, i.e. Bruguiera sexangula [14] , callus regeneration from protoplast culture of mangrove species has proven to be difficult, even after initial successful cell divisions [13, [15] [16] [17] . The relationship between amino acid profiles and optimal basal media, i.e., Murashige and Skoog's (MS) [18] and the modified amino acid (mAA) [11] [12] 17] , was investigated in three mangrove families, Sonneratiaceae, Rhizophoraceae, and Avicenniaceae [6] , but not in the Leguminosae.
Caesalpinia crista L. is one of the woody leguminous mangrove species and is usually distributed in the upstream region of estuarine areas. It has a wide distribution and can be found from Southeast Asia to Ryukyu, and the northern part of Australia. The plant is known for its medicinal uses as it contains diterpenes with antimalarial properties [19] . Recently, moderate allelopathic activity of dried leaves was reported using the sandwich method [20] .
Seeds from mangrove species are difficult to store because of their viviparous properties. Hence, a continuous supply of plant material is not possible throughout the year. Furthermore, contamination with fungi is a common problem in mangrove tissue culture research [21] , including culture of C. crista seeds. As a result, axenic cultures are difficult to establish.
In this report, in order to obtain sub-culturable callus, we first established an axenic culture from immature seeds of C. crista as explants using small volume liquid culture methods [8] to investigate the optimal hormonal conditions for induction of cell divisions and proliferation. Protoplasts were also isolated and cultured using the 96-well culture plate method [14] in order to determine the optimal hormonal conditions, osmoticum and protoplast densities in two different basal media. These culture conditions were compared with those of non-mangrove leguminous species. In addition, amino acid profiles of callus and protoplasts were investigated and compared with those of mangrove plants of different families [6] . Furthermore, amino acid profiles from the used-liquid medium of sub-cultured callus cultures were also determined and compared with those of B. sexangula suspension cells.
Using pods which were stored in tap water for ca. 1.5 months, axenic culture of immature seeds was impossible due to contamination problems, even though severe sterilization conditions were used. However, by storing the seeds using benzalkonium chloride solution, contamination with fungi was much reduced, even after 3 months. The seed coat of immature seeds was either green (Figure 1a ) or became light brown during 1 month of pod storing in benzalkonium chloride solution (1.5 months after collection), and axenic culture could still be obtained. When compared with pods stored in either tap water or benzalkonium chloride solution, the seed coat of dried seeds changed to dark brown ( Figure 1b ) and these seeds failed to respond to experimental treatments. In this study, seed storage in 0.1% benzalkonium chloride solution enabled us to reduce the contamination problem, avoiding drying, extended the seed storage period, and allowed for additional experiments to be performed. Since a year-round supply of fresh seeds is difficult for mangrove species, the use of benzalkonium chloride solution might be useful for longer term seed storage and for axenic tissue culture of viviparous mangrove species.
Using seeds after storage in benzalkonium chloride solution for 6 days (20 days after collection), many cell divisions were observed in the cotyledon sections in a wide range of concentrations of 2,4dichlorophenoxyacetic acid (2,4-D, 0.1-100 μM) and benzyladenine (BA, 0.1-10 μM) ( Figure 2 ). Grown calluses were successfully subcultured and maintained in the medium containing 10 μM each of 2,4-D and BA. Similar results of callus induction were obtained using fresh seeds that were kept wet for 18 days after collection, i.e. at 10 μM 2,4-D without or with up to 10 μM of BA or a combination of 1 μM 2,4-D and 10 μM BA. Figure 1e represents a sub-cultured callus in liquid MS basal medium with 10 μM each of 2,4-D and BA, in which some callus had a dark brown color but continued to grow. The seed coat of the mature seed was a similar dark brown and the pod was black ( Figure 1b ).
From stored immature seeds in benzalkonium chloride solution (1.5 months after collection), cell divisions were observed, as shown in Figure 1c in the medium containing 10 μM each of 2,4-D and BA after 6 days of culture. Free cell clumps were also observed in the medium containing 10 μM of 2,4-D and 0.1 μM of BA ( Figure 1d ). However, callus proliferation was less than that of either the fresh material or seeds stored for a short period using benzalkonium chloride solution. After 3 months of storage almost no cell proliferation of the cotyledon explants was observed.
Protoplasts were successfully isolated using 0.6 M mannitol solution containing 1% each of Cellulase R10, Hemicellulase, and Driselase 20 from cotyledon sections of both fresh and stored immature seeds up to 1.5 months in storage. Figure 1f shows isolated protoplasts from fresh material, in which pods were kept wet for 16 days after collection. The diameter of protoplasts was approximately 40 μm. The volume of a protoplast is calculated to be 33 pL. Particles in the protoplasts are starch granules as they reacted positively to I 2 -KI solution. Spherical protoplasts were stained with Figure 1g ). In the protoplast preparation from the seed at a later developmental stage, black colored cells were prominent (Figure 1m, 1n ), which were not digested by enzymes and were not stained with FDA.
In the protoplast culture of fresh material, a wide range of hormonal conditions, i.e. 0, 0.1, 1, 10, 100 μM of 2,4-D and BA in MS basal medium were effective for inducing extensive cell divisions, though browning of cells occurred if the hormone concentration was less than 1μM of 2,4-D and BA. The effects of thidiazuron (TDZ) were similar to those of BA. It was difficult to distinguish the best hormonal condition at the early stage of culture. After two weeks of culture, proliferated cells and colonies in 1 or 10 μM of 2,4-D with 1 or 10 μM BA, were transferred to mannitol-free medium, and 10 μM each of 2,4-D and BA was the only hormonal condition for induction of callus formation from isolated protoplasts. Initially, the newly generated colonies took on a darker brown color ( Figure 1h ); in subsequent subculture in the medium with the same hormonal condition, in the absence of mannitol, the calluses took on a lighter color and continued to proliferate ( Figure 1i ).
Using seeds after storage using benzalkonium chloride solution for 6 days (20 days after collection), the newly generated protoplasts had a reduced response to the hormonal treatments when compared with the protoplasts isolated from the fresh green seeds 16 days after collection. Divided cells with different sizes were observed in different hormonal conditions of MS basal medium, i.e. large cells as shown in Figure 1j and small cytoplasm-rich cells as shown in Figure 1k . In the absence of BA, some cell divisions of the type shown in Figure 1j occurred at 10 μM of 2,4-D at early culture, but browning occurred and no further development of colony formation was observed. After one week of culture, the range of hormone concentrations for efficient cell divisions (type shown in Figure 1k ) was reduced to 1-10 μM of 2,4-D and BA compared with that of fresh material in which up to 100 μM of 2,4-D and/or BA were effective. The basal medium mAA was not suitable for colony formation.
After storing the seeds for 1 month using benzalkonium chloride solution (1.5 month after collection), the color of the cotyledons became light green or white. Figure 3 shows the effects of 2,4-D and BA on cell divisions of the type shown in Figure 1k after 7 days of protoplast culture at a cell density of 5 x 10 3 /mL. Efficient cell Figure 1k , was counted after 7 days of culture. Cell density was 5 x 10 3 / mL. divisions also occurred at higher cell densities in 1-10 μM of 2,4-D and BA; however, sub-culturable colony proliferation was obtained only in 0.1 μM of 2,4-D and 1 μM of BA in MS basal medium at a cell density of 5 x 10 3 /mL (Figure 1m ). These might reflect changes in endogenous hormonal levels including abscisic acid and gibberellins [16] ; however, exogenous supply of these growth regulators did not increase C. crista protoplast divisions (data not shown). The number of divided cells was reduced compared with short time-stored seeds. Although large dark brown colored cells (Figure 1m, 1n) , which might contain storage secondary substances, are present in the protoplast culture, these cells seems to be digested during culture and did not interfere with the mitotic activities of small protoplasts in the culture (Figure 1n ). Liquid culture using 96well microplates in protoplast cultures of mangrove species are very effective for surveying different components of media and also for observation of variation of cellular structures under an inverted microscope.
Both 2,4-D and BA are needed to induce callus proliferation from immature seeds of C. crista. The same hormonal condition, 10 μM each of 2,4-D and BA, was applicable for callus proliferation from cotyledon sections of fresh and stored seeds, and from protoplasts of fresh material. It is important to note that protoplast culture from stored seeds showed different optimal conditions for callus regeneration. A careful survey of a wide range of hormonal conditions is needed for success of sub-culturable callus regeneration from protoplast culture. This phenomenon is similar to that of B. sexangula protoplast culture [14] , in which the optimal basal media (MS) and the optimal hormonal condition (hormonefree) were found to be different from the culture conditions of their original callus culture in which mAA basal medium containing 2,4-D and a cytokinin was used [11] . A rather high concentration of BA, 1-10 μM, was optimal for cell divisions in C. crista. Similarly, high concentration of cytokinin was optimal, as in the case of herbaceous leguminous plants, i.e. mesophyll protoplasts of Vicia hajastana [22] and protoplasts from etiolated leaf of Mucuna pruriens, which contain high amount of allelochemicals, and low concentrations of BA was effective in callus cultures [23] . In the non-mangrove woody legume, Leucaena leucocephala, very high concentrations of either BA or a strong cytokinin, TDZ, were needed for callus and protoplast cultures [24] . In the tree legume mangrove, Derris indica, a similar tendency was observed [13] .
The percentage of cell divisions (type shown in Figure 1k ) at low cell density, 5 x 10 3 / mL (27.2%), was higher than that at high density, 5 x 10 4 / mL (5.3%), in the MS medium containing 10 μM each of 2,4-D and BA and mannitol (Figure 4) . The same tendency was obtained in the medium containing 1 μM of BA (data not shown). Mannitol was more effective for cell divisions than glucose (0.92% at 5 x 10 4 / mL). In a glucose containing medium, vesicle structures were prominent in protoplasts ( Figure 1l ) and mitotic activities were greatly delayed. Therefore, after half a year of culture, large colonies developed in hormonal conditions of 1 μM 2,4-D with 1 or 10 μM BA, when fresh osmoticum-free medium was added after 1.5 months of protoplast culture which contained either mannitol or glucose as osmoticum. The use of glucose as an osmoticum was first successfully reported for protoplast culture of the herbaceous legume plant [22] , but glucose was not effective in C. crista protoplast culture. The use of mannitol was preferred for protoplast culture of C. crista. The same osmotic condition, 0.4 M mannitol, was successful for callus regeneration from protoplast culture of herbaceous leguminous plants, e.g. M. pruriens [23] . Efficient cell divisions occurred at higher cell densities in both protoplast cultures of fresh and stored seeds of C. crista. However, sub-culturable colony proliferation was obtained at very low cell density, 5 x 10 3 / mL in protoplast culture of seeds stored after 1.5 months. It took a long period, close to half a year, in order to obtain sub-culturable callus in C. crista. A similar phenomenon has been reported in the recalcitrant conifer protoplast culture of Chamaecyparis obtusa in which low cell density was more effective than high cell density. In their protoplasts, very high abscisic acid content interferes with cell divisions [25] . In contrast, in the herbaceous leguminous plant, M. pruriens, very high cell densities, 2-6 x 10 5 / mL, were needed for efficient colony formation and subculturable callus regeneration [23] . Table 1 , in sub-cultured callus, glutamine (61%) was the major amino acid. In the used liquid medium after 19 days of culture, large amounts of amino acids were secreted into the medium. Glutamine (20%), alanine (21%), proline (20%) and other amino acids were detected. In isolated protoplasts of immature seeds (the calculated volume of 10 7 protoplasts is 330 μL), arginine (45%) was the major amino acid, and asparagine (10%) and alanine (13%) were detected. The high alanine content was reported in mangrove calluses and protoplasts [6] ; however, high arginine content obtained in the protoplasts of C. crista was not observed in other mangrove species. A rather high proline content was reported in the hypocotyl-originated callus and its protoplasts of the mangrove Avicennia alba. Similar values were obtained in the herbaceous plants investigated. Low concentration of L-DOPA was also detected in callus (Table 1) based on its retention time, without certification of its existence [26] . These are not against the report that in the calluses and protoplasts of Mucuna species, which plants contain large amount of L-DOPA, either none or a low amount was detected [24] . Black colored pod is seen both in C. crista and Mucuna species. A specific dark-brown color was observed in protoplast culture (Figure 1m, 1n) , and in callus culture (Figure 1e ) of C. crista. However, these secondary metabolites do not totally inhibit their growth and seem to be metabolized during culture.
As shown in
Differences in major amino acids found in C. crista among protoplasts isolated from material tissue and sub-cultured callus is common to other plant species [6, 24] . The total amount of amino acids in callus of C. crista was larger than that of the non-mangrove legume, Leucaena leucocephala, which contains a large amount of the non-proteinaceous amino acid, mimosine, but not in callus or protoplasts [24] . The total amount in protoplasts of C. crista was not lower than that of the mangrove, Bruguiera sexangula [6] , for which callus regeneration from protoplast culture was achieved in MS basal medium, but not in mAA [14] . Callus regeneration was achieved from protoplast cultures of both C. crista and B. sexangula. In the suspension cells of B. sexangula total amino acids were very low, which might have been used for protein amino acids for rapid cell growth and more amino acids were needed from the mAA basal medium.
In the used medium of C. crista callus culture, large amounts of amino acids were secreted, which were 30 times that of B. sexangula suspension cells [6] . As glutamine is obtained in the callus of C. crista, a high glutamine content in the used medium is expected. However, secretion of other amino acids, especially, alanine and proline, is unique for C. crista. Proline is known to relate to stress tolerance and is used in tissue culture [6, 27] . By using these axenic liquid cell culture systems, molecular biological aspects of metabolic flow from the nitrogen source of MS basal medium (KNO 3 and NH 4 NO 3 ) and location of some mechanisms for secretion of amino acids in large amount will be effectively studied in the woody mangrove legume, C. crista.
In conclusion, storage in benzalkonium chloride solution was effective for axenic culture of a woody mangrove legume, C. crista. Small volume liquid culture methods, 1 mL medium in flatbottomed 10-mL culture tubes, and 50 μL in a 96-well micro culture plate for protoplasts culture, can be applied to determine optimal conditions for cell cultures of recalcitrant mangrove materials. Hormonal conditions for protoplast culture changed during the storage of immature seeds, which might reflect changes of endogenous hormonal levels. Basal medium MS was used both for protoplast culture and callus culture, which might relate to their amino acid compositions. This report is the second among the mangrove species to achieve sub-culturable callus regeneration from protoplast culture and the first for a leguminous mangrove species. The uniqueness of C. crista culture is the secretion of a large amount of amino acids, including proline, into the liquid medium from sub-cultured callus of C. crista.
Experimental
Seed storage: Green pods of C. crista were collected in Thailand and kept wet at room temperature for 14-18 days. Then, pods were used either as fresh material or used after storage in either tap water or in 0.1% benzalkonium chloride solution for up to 3 months after collection. The water or the solution was changed occasionally.
Callus culture:
At the time of culture, seeds were removed from the pods and first treated with 0.5% neutral detergent (Mama-lemon, Lion Corporation) solution for 1 min, washed with tap water and soaked in 70% ethanol for 10 min. The green seed coats were then removed and sterilized with 2% NaClO solution for 1 h and washed with tap water. They were then re-sterilized with 1% NaClO solution and washed 3 times with autoclaved water. Cotyledons were cut into 2 mm x 5 mm sections in autoclaved water. Two sections were put into 1 mL of callus induction medium in a 10 mL flat-bottomed culture tube [8] and cultured at 30 o C in the dark on a rotating shaker at 100 rpm. The medium used was Murashige and Skoog's basal medium (MS, [18] containing 3% sucrose in combination with 0, 0.1, 1, 10, 100 μM of 2,4-dichlorophenoxyacetic acid (2,4-D) and 0, 0.1, 1, 10, 100 μM of benzyladenine (BA). Explants were examined using an inverted microscope (Olympus CK40) and the data were recorded as described previously [8, 12] . Proliferated cell clumps were sub-cultured in 2 mL fresh liquid medium containing 10 μM each of 2,4-D and BA in a 50 mL flat-bottomed flask and in 20 mL of the medium in a 100 mL flask, successively.
Protoplast isolation and culture:
For protoplast isolation, cotyledon sections were incubated in 0.6 M mannitol solution containing 1% each of Cellulase R10 (Yakult Co. Ltd.), Hemicellulase (Sigma H-2125), and Driselase 20 (Kyowa Hakko Kogyo Co. Ltd.) for 20 h at 30 o C. An optimal combination of enzymes and osmotic conditions was preliminary selected using the 24-well culture plate-method [28] . Purification and culture of protoplasts were performed as previously described with minor modification [14] . Isolated protoplasts were passed through a 80 μm nylon mesh and purified by washing 3 times with the mannitol solution, followed by centrifugation at 100g for 4 min. Protoplast suspensions, 5 μL each, were put into 50 μL of liquid MS basal medium containing 3% sucrose and 0.4 M of mannitol, in combination with 0, 0.1, 1, 10, 100 μM of 2,4-D and either 0, 0.1, 1, 10, 100 μM of BA or 0, 0.1, 1, 10 μM of thidiazuron (TDZ) in a 96-well plastic culture plate. As a basal medium, mAA was also used. Cell density was adjusted to 5 to 60 x 10 3 / mL. One hundred μL of autoclaved water was supplied between wells. The culture was sealed with Parafilm R and incubated in a CO 2 -incubator (APC-30DR, ASTEC Co. Ltd.) at 30 o C without the supply of CO 2 . Proliferated cells and colonies were transferred to the fresh medium of the same composition without mannitol in a 24-well plastic culture plate.
Amino acid analysis:
Amino acids were extracted and analyzed from either tissues directly or from isolated protoplasts, as previously reported [6, 29] . Briefly, after extraction with 80% ethanol at 60 o C 3 times, combined fractions were evaporated to dryness using a Vacuum centrifugal evaporator (CVE-3100, EYELA, Tokyo Japan) with a glass cold trap (Uni trap UT-1000, EYELA). The residues were dissolved in 50 mM borate buffer (pH 8.0, with 0.05 mM EDTA). Used medium was filtered via a spincolumned filter unit (0.45 μm, amicon, Millipore), and mixed with an equal volume of borate buffer. Amino acids were precolumnderivatized with 4-fluoro-7-nitrobenzo-s-oxa-1,3-diazole (NBD-F) [30] and analyzed using a gradient HPLC system (Gilson 305 system) at 30 o C. The column was a YMC-Pack ODS-A reversedphase column (4.6 mm x 150 mm), and the flow rate was 1.0 mL/ min. Fluorescence was measured at ex. 470 nm, em. 540 nm. Data were calculated from 3 different concentrations for each sample. The data of 3 to 5 independently extracted samples were described as averages with standard errors.
